Poly(ethylene oxide)-b-poly(butylmethacrylate) (PEO-b-PBMA) copolymers have recently been identified as excellent building blocks for the synthesis of hierarchical nanoporous materials. Nevertheless, while experiments have unveiled their potential to form bicontinuous phases and vesicles, a general picture of their phase and aggregation behavior is still missing. By performing Molecular Dynamics simulations, we here apply our recent coarse-grained model of PEOb-PBMA to investigate its self-assembly in water and tetrahydrofuran (THF) and unveil the occurrence of a wide spectrum of mesophases. In particular, we find that the morphological phase diagram of this ternary system incorporates bicontinuous and lamellar phases at high copolymer concentrations, and finite-size aggregates, such as dispersed sheets or disk-like aggregates, spherical vesicles and rod-like vesicles, at low copolymer concentrations. The morphology of these mesophases can be controlled by tuning the THF/water relative content, which has a striking effect on the kinetics of self-assembly as well as on the resulting equilibrium structures. Our results disclose the fascinating potential of PEO-b-PBMA copolymers for the templated synthesis of nanostructured materials and offer a guideline to fine-tune their properties by accurately selecting the THF/water ratio.
Introduction
In the early 1900's, the pioneering experiments by McBain [1] and Hartley [2] disclosed a realm of intriguing morphologies resulting from the spontaneous self-assembly, in selective solvents, of a particular family of molecules. These molecules, consisting of a solvophilic and a solvophobic domain, are generally referred to as amphiphiles, from the Greek mfis (both) and filÐa (love). The technological implications of these observations have become clearer and clearer over the last few decades, with the development of synthesis techniques transforming relatively simple molecular building blocks into structured supramolecular aggregates and these into ad hoc templates for highly ordered nanoporous materials [3] . Unveiling the physico-chemical principles underpinning the microstructural transitions that occur in micellar solutions, dating back to Debye [4] , has been crucial to identify the key factors controlling the formation of equilibrium aggregates: amphiphile's architecture and concentration, pH, temperature, solvent and additives [5] . The coordinated action of these factors can be concisely summarized by the so-called packing parameter, p = ν/al, where ν and l are the volume and effective length of the solvophobic block, respectively, while a is the area per solvophilic head group. In particular, lamellae and vesicles are expected at 1/2 < p ≤ 1, whereas rod-like and spherical micelles at 1/3 < p ≤ 1/2 and p ≤ 1/3, respectively [6] .
In particular, when diblock-copolymers are added to a solvent that has a selective affinity for one of the blocks, the self-assembly of the other block sparks the formation of colloidal clusters or micelles. In the most general case, these aggregates consist of a solvophobic core (hydrophobic, in aqueous solutions) and a solvophilic (hydrophilic) corona, but more complex copolymer's architectures, comprising three or more blocks, can form aggregates with more than just two separate domains. If the volume occupied by the corona is significantly larger than that occupied by the core, then the resulting aggregates are generally referred to as "star-like" micelles. By contrast, aggregates with a bulky core and a thin corona are defined as "crew-cut" micelles [7] . Today, more than 20 stable morphologies obtained via self-assembly of block-copolymers (BCPs) have been reported [8] , approximately three times more than those firstly identified almost 25 years ago by Zhang and Eisenberg [9] . Some morphologies, such as spherical or rod-like micelles, are more frequently observed, while others -hexagonally packed hollow hoops [10] , helical micelles [11] , disk-like micelles (also called "hamburger micelles") [12] and multilamellar vesicles [13] -are more exotic. In general, the BCP assemblies exhibit a higher stability and longevity compared to those formed by small surfactants and consequently have attracted considerable attention as drug-delivery systems in biomedicine [14, 15, 16] , templates for fabricating capacitors with increased charge storage capacity in microelectronics [17, 18] and nanoreactors and multiple stimuli-responsive biomaterials [19, 20] .
The self-assembly of BCPs in solution is dictated by principles analogue to those valid for small surfactants. Nevertheless, extra elements of complexity are present, such as the long-time relaxation dynamics and higher degree of hydrophobicity of polymeric chains [21, 22] . Consequently, the synthesis method to obtain BCP's mesophases tightly depends on the composition of the copolymer being employed as well as on the size of its two blocks. Usually, aggregates of BCPs with relatively bulky hydrophobic blocks, such as polystyreneb-poly(acrylic acid), which show an especially rich variety of morphologies [9] , are prepared via the so-called solvent switch or co-solvent method [23] . This method consists in dissolving a small amount of BCP in an organic solvent, such as dioxane, N,N' -dimethylformamide (DMF) or tetrahydrofuran (THF), that is a good solvent for both blocks. Subsequently, water, a selective solvent for the hydrophilic block, is slowly added to this solution up to a content (usually between 25 and 50 wt%) that is significantly larger than the water content at which micellization starts [8] . Finally, the so-obtained aggregates are quenched in excess of water in order to freeze all the kinetic processes and morphologies.
Eisenberg and coworkers found that various morphologies could be obtained for a given copolymer architecture and concentration by tuning solely the common/selective solvent ratio [24] , thus offering an alternative path to control the properties of the nanostructures at equilibrium [25] . In order to exploit the beneficial implications of such an additional degree of freedom, it becomes essential to understand how altering the medium quality determines the kinetics and thermodynamics of BCP self-assembly. To this end, one needs to gain a full insight into the nature of the molecular interactions, which is all but trivial and nevertheless of fundamental importance.
Statistical-mechanical theories and computer simulation, including molecular Dynamics (MD), Dissipative Particle Dynamics (DPD) and Monte Carlo (MC) methods, have proven to be especially effective in addressing this challenging task and offered a clearer picture of the physico-chemical effects driving the phase and aggregation behavior of BCPs. Over the last two decades, most of the computational works have predominantly focused on the self-assembly of low molecular weight surfactants, lipids and BCPs in water solutions, and on the estimation of their critical micelle concentration (CMC), aggregation number, aggregate size and solution rheology [26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38] .
More recently, mean field theories have been applied to investigate the kinetics of molecular exchange in micellar solutions [39, 40] . By contrast, only little attention has been paid to the self-assembly of amphiphiles in solutions of two solvents. In particular, Li and coworkers have recently applied the simulated annealing MC method to investigate the phase behavior of generic amphiphilic AB diblock copolymers in mixtures of selective and common solvents [41] . The authors observed that by increasing the amount of selective solvent, self-assembled structures experience a number of morphological transformations that follow a sphere→rod→ring/cage→vesicle sequence.
Most of these studies have been performed by employing oversimplified potential models that neglect important chemical details of amphiphilic BCPs.
Molecular simulations of fully atomistic models remain prohibitively expensive because the timescale for spontaneous self-assembly is usually too long (mi-croseconds) and the required system size too large (several hundreds of thousands of atoms) to be systematically investigated using the currently available computational power. An alternative route is based on high-level coarse-grained (CG) potential models that are built via a multiscale simulation approach. More specifically, fully atomistic models of smaller systems are employed to estimate some well-selected properties that are used to identify the most suitable parameters of the CG model's force field [29, 42, 43] . In this work, we employ our recently developed CG model for methacrylate-based copolymers [44] to investigate the self-assembly of low-molecular weight poly(ethylene oxide)-bpoly(butylmethacrylate) (PEO-b-PBMA) copolymers in mixtures of water and THF. This ternary system has been recently reported to exhibit a wide variety of self-assembled nanostructures, including bicontinuous polymer nanospheres, dispersed sheets, vesicles and octopus-like assemblies [45, 46] . By MD simulations, we map their phase diagram by mimicking the solvent-switch method and observe a wide spectrum of interesting mesophases at different common/selective solvent ratios. We also discuss the mechanisms driving the kinetics of morphological transitions that are determined by changes in the solvent composition. Our findings highlight the importance of solvent correlations on the intra-aggregate chain structure and resulting equilibrium morphology.
Methods

Model
Classical MD simulations were performed using CG-scale representations of PEO-b-PBMA copolymers, water and THF. Two different methacrylate-based BCPs, PEO 6 -b-PBMA 4 and PEO 12 -b-PBMA 10 , have been modelled in this work. Their interactions were described via inter-and intra-molecular potentials of the MARTINI force-field family [47] . In particular, we adopted our recently refined parameters, which allow for the reproduction of the structural and thermodynamic properties of the BCPs in melt and solutions [44] . In this scheme, the PBMA monomer is represented by three CG beads, whereas the PEO monomer and THF are modelled by a single site, as reported in Fig. 1 for
Pairs of non-bonded CG beads interact with each other via a truncated and
shifted Lennard-Jones (LJ) potential:
where σ and are, respectively, the length-and energy-scale parameters of the pair interaction, r is the separation distance between pairs of sphericallysymmetric CG sites, and U (r c ) is the value of the LJ potential at the cut-off radius, r c . Within the BCP chains, intramolecular interactions acting on the centres of bonded sites are described using a harmonic bond-stretching potential:
with K l the bond force constant, and l and l 0 the instantaneous and equilibrium bond distances, respectively. Similarly, the angle-bending between triplets of connected beads is modelled via a harmonic potential:
where K θ is the angle force constant, and θ and θ 0 the instantaneous and equilibrium angle-bending values, respectively. The list of all the parameters employed in this work is available to the interested reader in the Supporting Information.
Molecular Simulations
We have investigated the aggregation behavior of PEO 6 -b-PBMA 4 and 
Results
In this section, we present the morphologies resulting from the self- copolymers, whose aggregation behavior in water/THF mixtures was shown to be determined by the proportion of the PEO and PBMA blocks in the chains and the non-selective (common) cosolvent [45] .
To gain a clearer understanding on how the relative content of co-solvents influences our system's polymorphism, we now focus on the iso-concentration
line ω BCP = 0.10. It is well-known that the self-assembly of BCPs is mainly governed by the balance of three free-energy contributions determined by (i ) the chains' conformation within the aggregate, (ii ) the interface tension between the hydrophobic core and selective solvent, and (iii ) the repulsive interactions between the hydrophilic groups in the aggregate's corona [8] . All these properties can be altered by modifying the ratio between the selective and non-selective solvent. It is therefore crucial to understand how the local environment of both PEO and PBMA blocks changes with f W . To this end, we analyzed the spatial correlations established between these two blocks and the co-solvents. More specifically, given a bead of type A, the average number of beads of type B, z AB , that can be found within a spherical shell of radius r c = 1.2 nm (corresponding to the cut-off distance of the pair interactions) centred on particle A, is obtained from the spatial integration of the pair-correlation function g AB (r) and reads
where ρ B is the number density of beads of type B averaged over all spheres around particles A. In Fig. 4 , we report z AB for the PEO and PBMA b beads as obtained at ω BCP = 0.10 and for a range of common/selective solvent ratios producing aggregates, that is 0.30 ≤ f w ≤ 1.0.
By gradually increasing f w , the local distribution of the co-solvents around indicates the tendency of the PBMA blocks to avoid the unfavourable contacts with water. Therefore in order to keep z PBMA b -Water at a minimum value upon the additon of water, the BCP chains start to aggregate into the increasingly packed structures as suggested by the increase in the local number of like sites (bottom frame in Fig. 4 ). This mechanism results in the morphological transitions reported in Fig. 2 , which follow a cluster→sheet→rod-like vesicle→spherical vesicle sequence. From previous studies, it has been demonstrated that the aggregate-solvent interfacial area always decreases when BCP assemblies change from spherical clusters to rods to vesicles [53, 41] , suggesting that the morphological transformations arise in part as a thermodynamic response of the system to reduce the interfacial energy component of the total free energy.
It should also be mentioned that while water and THF are macroscopically miscible in the whole range of compositions at T = 300 K [54] , the presence of the BCP's aggregates seems to promote a small-scale segregation resulting in the redistribution of THF around the assemblies. This can be appreciated in Fig. 5 , where we report the density profiles of water, THF, PEO and PBMA b beads as a function of the radial distance from the center of mass of a vesicle formed at ω BCP = 0.10 and f w = 0.90. From these profiles one can observe that the aggregate is a hollow sphere with a well-defined hydrophobic wall and hydrophilic internal and external coronas, and entrapping water and THF in the interior (see Fig. 3(c) ). The THF density distribution follows very closely that of the PEO block, suggesting a strong spatial correlation between these two type of beads. Consequently, the relative water-to-THF content decreases from distance between any of their beads is lower than 1.2 nm. In Fig. 6 , we present the time dependence of N cluster in systems with solvent ratio 0.70 ≤ f w ≤ 1.0.
The initial configuration of these systems consists of randomly dissolved unimers that start assembling into small spherical clusters during the first hundreds of nanoseconds. Over larger time scales, such small aggregates merge into largersized assemblies and then stabilize into the final morphologies. It is interesting to note that the evolution from the initially dissolved unimers to the equilibrium segregated state occurs at different rates depending on the solvent quality. It is during the first 500 ns that the effect of the presence of THF is more evident. This kinetic frustration might strongly be related to the impact of the solvent quality on the BCP chains' conformation, which ultimately regulates their ability to diffuse from and to the aggregates. It is also known that the morphological transitions in BCP aggregates are influenced by the entropic penalty associated to the reduction in the available conformations due to confinement of the chains within the assemblies [8] . To determine how the chain conformation changes as a function of the common/selective solvent ratio, we estimated the BCP mean-square end-to-end distance, which reads
where r i is the bond vector i in the chain of size N b = n + 1 sites. We compute R 2 ee for the whole chain by a summation of the bond vectors over the PEO and PBMA b segments. The resulting dependence of R 2 ee on f w is reported in Fig. 7 . As a general tendency, R 2 ee increases up to f w = 0.9, indicating that the individual chains gradually stretch when the BCP assemblies undergo morphological transitions in the cluster→sheet→rod-like vesicle→spherical vesicle sequence. However, an inversion is observed at f w = 1.0, where kineticallytrapped spheres are formed. These structural changes are in agreement with experimental observations [9] and simulation results [41] .
By further analyzing the structure of the chains, we note that the ratio between R 2 ee and the mean-square radius of gyration,
, with R i the position vector of site i, is in all the cases R 2 ee / R 2 g ≈ 6 (see Supporting Information), which agrees with the Debye result of ideal linear chains [58] . The quasi-ideal conformations adopted by the chains are not specially surprising, because the interactions between BCP sites are highly screened in both the dissolved and aggregated states. Under these considerations, the change in the ideal conformational entropy per BCP chain within the assemblies with respect to the unimer state can be assumed to depend only on R 2 ee and roughly approximated to [58] :
where σ = 4.66Å is the average bead size. The dependence of ∆S id on f w is reported in the inset of Fig. 7 . The balance between this entropically unfavourable effect (increase in the conformational term of the free energy) and the energetic interactions leads to the observed morphological transitions. 
Conclusions
In summary, we have performed extensive MD simulations to investigate that the presence of the common solvent strongly influences the self-assembly mechanism by facilitating the aggregation of the chains and thus minimizing the possible formation of kinetically-frozen assemblies. 
SUPPORTING INFORMATION
Simulation systems 
Vesicle shape fluctuations
An interesting feature observed during the extensive MD simulations of the vesicles is the marked thermal deformations they experience in solution. In order to track these shape fluctuations we compute the asphericity parameter b, which measures the deviation from spherical symmetry. This shape descriptor is calculated as:
where λ 1 ≥ λ 2 ≥ λ 3 are the eigenvalues of the gyration tensor S mn = 1
n . The first invariant of S mn gives the squared radius of gyration,
is the second invariant shape descriptor, or relative shape anisotropy, defined as
The time dependence of b and κ 2 are reported in Fig. 3 , whereas the corresponding eigenvalues of the gyration tensor are given in Fig. 4 . 
BCP chain structure
The ratio between the mean square end-to-end distance and mean square radius of gyration, Figure 6 : Ratio between the mean square end-to-end distance and mean square radius of gyration, R 2 ee / R 2 g of PEO 6 -b-PBMA 4 at ω BCP = 0.1.
